The metabolome is an integral part of a plant's life cycle and determines for a large part its external phenotype. It is the final, internal product of chemical interactions, obtained through developmental, genetic, and environmental inputs, and as such, it defines the state of a plant in terms of development and performance. Understanding its regulation will provide knowledge and new insights into the biochemical pathways and genetic interactions that shape the plant and its surroundings. In this review, we will focus on four dimensions that contribute to the huge diversity of metabolomes and we will illustrate how this diversity shapes the plant in terms of development and performance: (i) temporal regulation: the metabolome is extremely dynamic and temporal changes in the environment can have an immense impact on its composition; (ii) spatial regulation: metabolites can be very specific, in both quantitative and qualitative terms, to specialized organs, tissues, and cell types; (iii) environmental regulation: the metabolic profile of plants is highly dependent on environmental signals, such as light, temperature, and nutrients, and very susceptible to biotic and abiotic stresses; and (iv) genetic regulation: the biosynthesis, structure, and accumulation of metabolites have a genetic origin, and there is quantitative and qualitative variation for metabolomes within a species. We will address the contribution of these dimensions to the wide diversity of metabolomes and highlight how the multi-dimensional regulation of metabolism defines the plant's phenotype.
Introduction
Metabolism is an integral part of plant growth, development, and performance. The many functions of metabolites include the formation of building blocks for the cell-wall machinery, the regulation of flux between source and sink tissues, the attraction of pollinators and the defence against pathogens and herbivores (Roitsch, 1999; Cosgrove, 2005; Allwood et al., 2008) . Although the distinction is not always clear, most metabolites and their accompanying functions are usually assigned to primary or secondary metabolism. Metabolites that play a major role in cell maintenance, development, and reproduction, such as amino acids, carbohydrates, and organic acids, are generally referred to as primary metabolites (Kliebenstein, 2004; Fernie, 2007) . Because these are essential to ensure proper development of the sessile plant, their biochemical diversity has been constrained during evolution. Yet, they are structurally extremely complex, under redundant gene regulation, and fine-tuned by feedback mechanisms to ascertain plant survival in a wide range of circumstances . Secondary metabolites, on the other hand, have a wider range of chemical diversity but are less complex regulated and show a wider pattern of variation in chemical profiles, both in quantitative and qualitative terms (Keurentjes et al., 2006) . It is thought that this large metabolic variation in secondary metabolites can be explained by the variety of interactions that different plants, or specific organs or tissues, have with their environment (Allwood et al., 2008) . Their chemical structure can more easily be modified without drastic detrimental effects leading to newly formed compounds that could be advantageous in certain conditions. Natural selection, which is strong for the essential primary metabolites and more relaxed for secondary metabolites, may thus have shaped the biochemical composition of plants. The secondary metabolites can be subdivided into five major groups based on their biosynthetic origin: polyketides, isoprenoids, alkaloids, phenylpropanoids, and flavonoids (Oksman-Caldentey and Inze, 2004) . These compounds have diverse roles, including those involved in biotic and abiotic stress responses, hormonal regulation, and to a lesser extent in development (D'Auria and Gershenzon, 2005) .
Due to recent advances in detection and annotation of metabolites, the field of plant metabolomics has seen a tremendous increase in popularity over the last decade. The huge but relatively unknown natural diversity in plant metabolomes has found its way in applications as wide as medicinal science, breeding, and food quality research. Nonetheless, only a very small part of the estimated more than 400,000 unique metabolites that the plant kingdom hosts has been discovered thus far (Oksman-Caldentey and Inze, 2004; Saito and Matsuda, 2010) . This enormous source of unknown metabolites is currently being explored for many different quality traits (e.g. bioactive agents, fortified foods, commodity chemicals). With the advances made in mass spectrometry and nuclear magnetic resonance technologies, these molecules can be detected and identified at progressively increasing speed and sensitivity. Even though this has tremendously increased our fundamental knowledge of plant metabolites, we still have very little understanding of their functional roles, let alone their regulation.
The metabolome is the final product of genetic and developmental control and environmental interactions, and as such provides a blueprint for plant growth and performance ( Fig. 1) . Understanding the regulation of the metabolome enables a better understanding of the biochemical pathways that control development. In this review, we will outline several different dimensions of metabolic regulation and link these to control of plant development and performance: (i) temporal regulation: the metabolic profile is highly dynamic, and temporal changes, ranging from diurnal rhythms to transitional and seasonal changes can greatly affect this composition; this enables plants to adapt rapidly and often reversibly to changing conditions; (ii) spatial regulation: like variation in time, metabolic accumulation may also vary spatially over developmental stages or be specific to certain organs, tissues, or cell types; as such, metabolites often determine the very specialized functions of organs; (iii) environmental regulation: the flexibility in metabolic content is further illustrated by the dependency on environmental cues, such as light, temperature, nutrient availability, and biotic and abiotic stresses; in addition, many metabolites can act as internal or external signalling molecules and thus enable interactive communication with the environment; and (iv) genetic regulation: finally, the metabolic biosynthesis routes are encoded in the plant genome and are, as such, under genetic control; many instances are known where metabolic profiles are determined by the interaction of the local environment with the genetic make-up of plants.
We will address the multi-dimensional regulation of plant metabolism in relation to growth, development, and performance and highlight the distinct roles of both primary and secondary metabolism in these processes.
Temporal regulation of metabolism
The temporal regulation of plant metabolism is, besides the intrinsic developmental programme, largely dependent on external factors. As the plant's sessile nature impedes its escape from unfavourable environments, it has evolved a highly dynamic and flexible metabolism to cope with changing conditions. Some of these adaptive mechanisms are essential for the completion of the plant's life cycle and have an autonomous or genetic origin. These include transitional changes, e.g. from a vegetative to a reproductive stage, and specific responses to long periods of extreme circumstances, e.g. drought, cold, or low light. Others become entrained by the environment through repeated cycling, such as seasonal changes and diurnal rhythms of light and temperature. Importantly, many interactions between the different regulatory mechanisms can be observed. In this section, we will highlight the role and regulation of the metabolome during these temporal fluctuations.
As plants depend on external energy and structural resources such as carbohydrates, their growth and development is largely tied to their photosynthetic capacity. The formation of many primary metabolites directly depends on the availability of light and their abundance and, therefore, the cycles over the day and night periods. Such diurnal cycles are often mistaken with circadian rhythms but their regulation is mechanistically different. Circadian rhythms are, although entrained by day/night differences, controlled by the internal biological clock and they maintain cycling even in the absence of diurnal rhythms. The separation of a day in to periods of light and darkness, following Earth's rotation and consequent facing towards the sun, has led to the evolution of biological clocks that phase metabolism and growth with these repetitive cycles. Although the circadian clock shows strong resemblance in regulation and features among all organismal kingdoms, it has most likely evolved independently, suggesting major adaptational benefits (Young and Kay, 2001) . Indeed, the accurate correspondence between the internal circadian clock and the external diurnal rhythms increases photosynthesis, vegetative growth, and fitness in Arabidopsis thaliana (Michael et al., 2003; Dodd et al., 2005) .
Although there are strong indications that many diurnal oscillating metabolites are regulated through circadian function (Harmer et al., 2000) , detailed studies on the temporal regulation of large sets of metabolites are scarce. In a study on cold acclimation in Arabidopsis, most sugars, but also many organic and amino acids, showed diurnal rhythms in their abundance, with the majority of these compounds being circadian regulated (Espinoza et al., 2010) . The precise timing between the circadian clock and diurnal rhythms, related to higher growth rates, might be achieved through complex biochemical networks, providing major adaptational benefits (Dodd et al., 2005; Espinoza et al., 2010) . For example, starch, the major storage molecule in the plant kingdom, is linearly degraded during the night to ascertain the continuation of vegetative growth in dark conditions. At dawn, 95% of the total starch reserve is, each day, broken down to support metabolism and normal growth (Smith and Stitt, 2007) . Interestingly, a sudden, significant decrease in the length of the light period is followed by immediate modifications in the rate of starch breakdown such that there is a constant supply of starch during the unexpected, prolonged night (Graf et al., 2010) , suggesting that plants hold a timing mechanism, anticipated on the previous dawn, to optimize plant growth and productivity (Graf and Smith, 2011) . The significant role that the clock plays in these processes is even better exemplified by a recent study in which the light/dark (LD) cycle was either extended or shortened (Graf et al., 2010) . When the LD cycle was prolonged to 28 h, starch was exhausted too soon, while a reduced LD cycle of 20 h caused significant remains of starch at dawn. In both situations, plants maintained a 24-h growth cycle, which was most likely controlled through the circadian clock. Additionally, the authors showed that the unbalance between the LD cycle and the circadian cycle caused a significant reduction in growth. Moreover, in a wide range of Arabidopsis accessions, plant biomass is negatively correlated with starch content at the end of the day and at the end of the night (Cross et al., 2006; Sulpice et al., 2009 ). This implies a complex interplay between carbon allocation and the clock, such that the photosynthetic products are optimally used during the day, and starch during the night, to acquire the highest growth rates.
Many genes encoding enzymes for primary carbon metabolism are controlled by the circadian clock, as their rhythmic expression has been shown to continue under continuous light cycles (Harmer et al., 2000; Lu et al., 2005) . It is, therefore, tempting to speculate that the optimal allocation of carbon during day and night, and hence maximum growth rates, is controlled by the circadian clock. Illustratively, both maltose and sucrose are highly correlated with the rate of starch degradation during different day/night regimes and especially maltose sustains an oscillating pattern under continuous light conditions (Lu et al., 2005) . Interestingly, recent findings suggest that the circadian clock not only regulates metabolism, but is in turn regulated by metabolic changes (Dalchau et al., 2011) . Exogenous supplied sucrose affects the functioning of the circadian clock, most profoundly in dark conditions when the endogenous sucrose content is low. Moreover, exogenous sucrose modulates the period of the clock and has a minor effect on the expression of circadian clock associated genes (Knight et al., 2008) . Additionally, a study comparing polymorphic loci in circadian oscillation and metabolomics showed that AOP2, which encodes a biosynthetic glucosinolate enzyme, altered circadian clock regulation (Kerwin et al., 2011) , suggesting a bidirectional relationship between metabolism and clock oscillation. These results altogether show the interconnectivity and complex regulation between metabolism and the clock to optimize carbon allocation and growth. The circadian control and the metabolic feedback mechanisms highlight the importance of its accurate phasing with diurnal cycles for optimal plant performance.
Although quite different from the reversible diurnal patterns, transitional changes in plants, such as seed germination and flowering, are thought to be controlled by the clock through the sensing of shifts in day length and temperature, to match the timing of the response with the most optimal conditions (Gould et al., 2006; McWatters and Devlin, 2011) . Transitions are accompanied by major changes in metabolic composition, of which particularly the role of primary metabolites is again important and the best studied. A first and major transition in a plant's lifecycle is germination. The transformation of a dormant seed into a photosynthetic active seedling is accompanied by the conversion of storage compounds into essential building blocks and energy carriers. Upon imbibition, there is a strong increase in hexose sugars, followed by a large change in gene transcription (Fait et al., 2006; Howell et al., 2009) . Subsequently, most primary metabolites acquire a stable metabolic state which is more or less enhanced for 24 h after exposure to light and inductive temperature (Allen et al., 2010) . Thereafter, there is a major metabolic switch after which many metabolites are consumed to form building blocks and energy carriers. Sucrose, for example, was found to decrease throughout the developmental period, and interestingly, many transcripts were highly correlated with sucrose levels, indicating the metabolic regulation of transcript abundance. The causality in these cases is difficult to prove, and it is likely that there is a very complex feedback regulation between metabolic status, gene transcription, and the environment to maximize germination vigour. Many of the distinct phases in a germinating seed can be characterized by these transient metabolic profiles (Fait et al., 2006) , indicative of the flexibility of the metabolome towards different temporal needs (Fig. 2) .
The development from a vegetative to a reproductive state also leads to massive changes in the metabolic content, for which it is not always clear whether this is causal for or a result of the transition (Giakountis and Coupland, 2008) . The cell division in the shoot apical meristem, indicative of the transition to flowering, is preceded by an essential shift in the level of sucrose, induced by a long or displaced short day (Lejeune et al., 1993; Corbesier et al., 1998) . Moreover, many late and early flowering mutants have a flowering time similar to wild type when grown on media containing sucrose (Araki and Komeda, 1993; Roldan et al., 1999) . Additionally, mutants defective in trehalose-6-phosphate synthase are unable to flower (van Dijken et al., 2004) . In contrast, flowering is delayed in plants growing on medium with added glucose or sucrose (Zhou et al., 1998; Ohto et al., 2001; Gibson, 2005) . These studies indicate a significant role for sugars and related metabolites in floral transition that is likely dependent on circadian timing.
Because of the strong interconnectivity of metabolic networks, feedback mechanisms to optimally canalize resources are often observed (Arsenault et al., 2010) , explaining the comprehensive metabolic shift of reproductive transitions. An important but often-neglected transition is the shift of tissues from sink to source or vice versa. A clear example is the formation of tap roots in biennial plants, which act as sinks in their first year and as source in their second (Godt and Roitsch, 2006) . The preferential allocation of resources to a specific tissue can have large consequences for other plant parts and can even affect overall growth and development (van Heerden et al., 2010) . More subtle is the gradual transition of leaves from sink to source tissues (Jeong et al., 2004) . In annual species, this is often accompanied with progressive senescence and a reallocation of substrates to reproductive organs. In perennial species, however, leaves function as sinks only during their development, but upon maturity serve as sources that remain vigorous throughout the growing season. In contrast to annuals, which are driven much more by their developmental programme, perennials react predominantly on environmental cues (Brenes-Arguedas et al., 2006) . Seasonal changes in light quality and temperature tremendously influence diurnal rhythms and have a major impact on metabolic changes in perennial species (Hoffman et al., 2010) . These metabolic changes underlie much of the differences in growth between seasons (Richardson et al., 2009) , even in evergreens (Ceusters et al., 2010) . Nonetheless, many transcriptional regulators of developmental control are conserved over annual and perennial species, and it remains to be seen how this relates to their metabolic signatures (Brunner and Nilsson, 2004; Zhang et al., 2011) . Plants show a remarkable adaptation of their metabolic composition to temporal changing conditions and needs. Some of these are abrupt and irreversible, while others are reoccurring and reversible. It is evident, however, that the different responses are tightly interlinked and should be considered in relation to each other.
Spatial regulation of metabolism
Plants are modular organisms that consist of a wide variety of organs, tissues, and cell types. Each of these different entities is characterized by a unique and specific developmental programme which is also reflected in their metabolic composition. Due to technical constraints, however, metabolic studies have thus far mainly focused on convoluted plant parts such as shoots and roots, neglecting the differences in tissues and cell types within these plant organs. Fortunately, technological advances in micro-dissection, fractionation techniques, analytical sensitivity, and bioinformatics have allowed the focus of metabolism studies to shift towards the detection of metabolites in specialized organs and cell types (Fernie, 2007) . Similarly, metabolic accumulation could be quantitatively tissue-specific or qualitatively development-specific, or due to an interaction of tissue and developmental specificity (e.g. only in leaves at a specific developmental stage).
A number of studies have reported on relationships between plant development and the metabolic status of different plant organs, such as leaves, roots, flowers, seeds, and fruits. In relatively few studies, different organs have also been compared with each other (Brown et al., 2003; Desbrosses et al., 2005; Velasco et al., 2008; Matsuda et al., 2009; Malik et al., 2010; Matsuda et al., 2010; Moing et al., 2011) . These studies illustrate that plants are able to synthesize large numbers of different metabolites, of which some are more general and accumulating in many tissues while others are very specific for distinct tissues. The particular accumulation of metabolites suggests specialized functions in different stages of a plant's development (Sergeeva et al., 2004) . Primary metabolites, for instance, can be traced back in most tissues with mainly quantitative differences, indicating essential functions of carbohydrates. This is consistent with their major role in plant growth and development making them essential constituents of every cell type . Secondary metabolites, on the other hand, have a much wider chemical diversity and range of functions and are often very specific to certain plant tissues. For example, benzoyloxylated glucosinolates and proanthocyanids are only found in seeds, while certain terpenes are specific for flower tissues (Reichelt et al., 2002; Chen, 2003; Debeaujon et al., 2003) . The costeffective accumulation of metabolites in a tissue-dependent manner enables the plant to invest valuable resources economically in growth and development and as such contributes to increased fitness and competitive ability (Brown et al., 2003; Kliebenstein et al., 2005) .
In this respect, it is not surprising that leaves, serving general supportive functions from simple basic structures, contain the most basal metabolic expression profile, while flowers accumulate the largest number of specific metabolites . Flowers, as the complex prime organs for reproductive success, serve more specialized functions to improve plant fitness, such as attracting pollinators and securing anthesis from external influences. Even different organs within flowers (e.g. sepal, petal, stamen, pistil, and receptacle) show a distinctive secondary metabolism, highlighting the importance of the metabolic profile in supporting organ structure and function (Hanhineva et al., 2008) . Apparently, the developmental stage of plants and the state of their tissues are reflected in the metabolic signature of its compartments. This is effectively demonstrated by the accumulation and degradation of metabolites following tissue specialization during fruit development and ripening (Moco et al., 2007; Moing et al., 2011) . That said, metabolic composition does not always depend on de novo biosynthesis and catabolism but can also result from reallocation of compounds. Young leaves, for example, have a very distinct glucosinolate profile compared to senescent, older leaves, presumably because of re-allocation to ensure protection of the inner rosette from feeding by herbivores (Brown et al., 2003) .
On a deeper level, metabolic differences can also be observed between specific cell types, and even organelles, in isolated tissues and organs (Schad et al., 2005; Holscher and Schneider, 2007) . Laser micro-dissection is an effective technique to in situ separate different cell types and organelles. Using laser micro-dissection, the accumulation of terpenoids was found to be differently regulated in the cortical resin ducts and cambial zone tissue in white spruce (Abbott et al., 2010) , while two phenolic compounds, effective in bark beetle defence, were found in the stone cells of Norway spruce (Li et al., 2006) . In Arabidopsis, laser micro-dissection revealed metabolic compositions of the cytosol, vacuole, mitochondrion, and plastid. Consistent with earlier findings, many secondary metabolites were predominantly localized in the vacuole (storage) and cytosol (synthesis), while primary metabolites, crucial for biochemical pathway regulation, were detected in all compartments (Krueger et al., 2011) .
Overall, spatial regulation of metabolism appears to have a great influence on the metabolic profile of different plant species. Moreover, even within individuals, the metabolic constitution mirrors the developmental stage and function of the plant's parts. When describing a plant's metabolic status, caution should therefore be taken with respect to different organs and cell types within the studied species.
Environmental regulation of metabolism
The sessile nature of plants obligates it to adapt to its natural local environment. Plants depend on the radiation from the sun and nutrients from the soil for the process of photosynthesis and the consequent acquirement of energy and resources to continue growth and development. The slightest change in environmental circumstances requires the re-arrangement of photosynthetic assimilates and metabolites to re-establish the plant in its new environment. Cold acclimation, for example, leads to immediate modifications in carbon metabolism towards the protection of proteins and membranes from freezing damage (Hannah et al., 2006; Kaplan et al., 2007) . Likewise, plants rapidly anticipate changes in nutrient status and light quality. Phosphorus deficiency, for instance, reprogrammes carbohydrate metabolism towards the more efficient organic acids and amino acids to reduce phosphorus consumption (Huang et al., 2008) , while changes in the R:FR light ratio, possibly due to overshadowing of neighbouring plants, increase the content of soluble metabolites and cell-wall constituents (Mazzella et al., 2008) . The accumulation of plant metabolites, and especially secondary metabolites, is strongly affected by environmental variation in light, nutrients, temperature, and biotic and abiotic stresses and has been extensively reviewed in recent years (Kliebenstein, 2004; Allwood et al., 2008; Guy et al., 2008; Sanchez et al., 2008; Amtmann and Armengaud, 2009; Bundy et al., 2009; Dicke et al., 2009 ). We will, therefore, emphasize the general patterns observed during metabolic studies and the environmental influences on the spatiotemporal regulation of metabolism.
Environmental cues can shift the delicate balance between primary and secondary metabolites or steer their formation in certain directions. For the biosynthesis of secondary metabolites, products of primary metabolism such as amino acids often function as substrates or as cofactor or ligand in enzymatic reactions (Logemann et al., 2000; Broeckling et al., 2005 ). An increased activation of secondary metabolism due to environmental changes will thus almost certainly modify the primary metabolism. Upon nitrogen deprivation, for example, a reduction in transcript accumulation of major genes in photosynthesis and chlorophyll synthesis occurs while transcripts involved in secondary metabolism increase (Scheible et al., 2004) . Likewise, potassium (K + ) deficiency leads to an increase in the levels of oxylipins and glucosinolates, possibly for the protection against herbivores that prey on the herbivore-attractive, sugar-and amino-acid-rich and K + -deficient leaves (Troufflard et al., 2010) . Additionally, drought stress decreases both growth and carbon assimilation while increasing secondary metabolism (Hale et al., 2005) .
The most well-known examples of shifts in the balance between primary and secondary metabolism, however, can be observed with plant-herbivore and plant-pathogen interactions. Feeding by various herbivores can induce different volatiles, and leaf consumption leads to temporal expression profiles of different metabolites (Thaler et al., 2002; Kant et al., 2004) . The interactions between plants and their pests consequently result in the biosynthesis of many different secondary compounds, such as glucosinolates, toxins, and volatile compounds (Pichersky and Gershenzon, 2002; Wittstock and Gershenzon, 2002; Arany et al., 2007) . Plant competition for light, on the other hand, results in increased carbon allocation towards the growing parts of the plant to enable rapid growth and would thus favour an increase in primary metabolites (Kozuka et al., 2005) . Interestingly, the metabolic changes during plant competition have been rarely studied (Mazzella et al., 2008) . Nevertheless, different environmental circumstances evoke different effects on the balance between primary and secondary metabolism. In nature, however, plants are constantly competing with neighbours for light and are simultaneously stressed by herbivores and pathogens, which leads to a trade-off in metabolic investment between growth and defence (Herms and Mattson, 1992) . The evolutionary consequences of this trade-off are summarized in Box 1.
Notwithstanding the above, it should be noted that most changes in primary and secondary metabolism are restricted to certain tissues and are not a general response within the plant. For example, in response to feeding, the trichomes on leaves of Tithoniadiversifolia become, in contrast to other cell types, very rich in sesquiterpene lactones which are repellent to patch larvae (Ambrosio et al., 2008) . Moreover, secondary metabolites (mainly salicylic acid, phytoalexins, and antioxidants) accumulate to much higher levels in infected than in healthy leaf tissue (Simon et al., 2010) . Similar results were obtained from a study of the symbiotic relationship between ryegrass and Neotyphodiumlolii with specific increases in peramine, mannitol, and oligopeptides in infected cells (Cao et al., 2008) . That tissue-specific responses are not limited to biotic interactions is shown by a significant difference in carbon allocation between the upper and lower sections of expanding internodes of Box. 1
Trade-off between growth and defence
Plants invest most of their resources in growth related metabolism to maximize reproductive success and outcompete neighbouring plants but at the same time they have to maintain necessary defences to ensure survival in presence of pathogens and herbivores. The trade-off between these two mutually excluding processes is known as the growth differentiation balance hypothesis (Herms and Mattson, 1992) . When plants invest in secondary metabolism and defence, those resources are diverted from the production of vegetative tissues, and the expected growth is decreased. This hypothesis is supported by the universal down-regulation of photosynthesis-related genes upon biotic attack from different agents (Bilgin et al., 2010) . Moreover, when plants are challenged by competition with neighbours and herbivores simultaneously, they invest more resources towards fast growth (and competition) than to disease prevention (Izaguirre et al., 2006; Ballare, 2009) . When plants sense a shift in the R:FR ratio of light, due to competition with neighbours, a signal-transduction pathway is activated which enhances the shade-avoidance syndrome (Smith and Whitelam, 1997) , resulting in increased growth of petioles and internodes. At the same time, the inactivation of phytochromes upon low R:FR signals causes a strong reduction in sensitivity for jasmonate, an important hormone in response to disease defence (Moreno et al., 2009) . Plants that display the shade-avoidance syndrome are less resistant to insects, have fewer trichomes, and have a higher C:N ratio, indicating fast growth (McGuire and Agrawal, 2005) Notwithstanding the aforementioned, nutrient and water deprivation have a larger impact on growth than on the process of photosynthesis, and in some environments more resources can thus be invested in differentiation without a direct cost on growth (Stamp, 2004) . Another strategy to ensure survival at lower costs is to make use of defences induced upon biotic interaction (Baldwin, 1998; Cipollini, 2004) . Indeed, fast growers show lower constitutive defence and higher induced defence (Van Zandt, 2007) . Moreover, trade-offs can be observed between plant competition, growth rate, and constitutive defence reactions (Kempel et al., 2011) . Better competitors, but not faster growers, show lower constitutive and higher induced defence responses. Especially plants from nutrient-limiting or stressful environments grow slower, invest more in constitutive defence, and are less attractive to herbivores (Endara and Coley, 2011) . Additionally, priming of induced defences has a relatively low cost on plant growth rate compared to induced direct defence, but significantly increases disease resistance, such that priming maximizes fitness in disease-prone areas (van Hulten et al., 2006) . These studies show that fast growth does not necessarily increase disease risks but that plants have evolved different strategies to cope with multiple stresses, which has most likely contributed to species diversity. sunflower under low R:FR concomitant, with an increase in growth in the upper part (Mazzella et al., 2008) .
The detection and identification of metabolites specifically expressed in plant tissues during exposure to different stresses holds great promises for their beneficial use in human nutrition and health (Dixon and Sumner, 2003; Hall et al., 2008) . A number of studies have reported on the qualitative and/or quantitative increase in nutritional compounds upon perturbation. Health-promoting glucosinolates effectively arrest herbivore feeding and accumulate to large amounts, with chemical diversity, in specific species due to the constant evolutionary arms race between insects and plants (Kliebenstein, 2004) . Furthermore, isoflavonoids accumulate in response to microbial or insect compounds and have anticarcinogenic and antioxidant activities (Dixon and Sumner, 2003) . The production of metabolic compounds can be actively controlled by invoking a desired response after application of a certain treatment. This is demonstrated by growth at high temperature, which significantly decreases the isoflavanoid content in soybean seeds (Tsukamoto et al., 1995) . In contrast, exposure of St John's wort to high temperature increases, among other secondary metabolites, the hyperforin concentration in leaves, which was shown to have a calming effect on depression (Zobayed et al., 2005) . The use of untargeted metabolomics and the subsequent identification of molecules in environmental metabolomics are, therefore, expected to increase the number of beneficial metabolites for human nutrition and health as well as for a wide range of other purposes.
Another interesting observation is that the timing of the environmental cue affects the metabolic response of the plant both qualitatively and quantitatively. The impact of many environmental signals, from cold to shading, appears to be gated by the circadian clock (Salter et al., 2003; Fowler et al., 2005) . Benzene, isoprene (e.g. terpene), and fatty-acid-derived volatile emissions are all controlled by the circadian clock and their accumulation pattern is dependent on environmental signals (Loughrin et al., 1994; Loivamaki et al., 2007; Roeder et al., 2007; Arimura et al., 2008) . Herbivore-injured cotton plants emit terpenoid signals to attract the enemies of the herbivorous insect. Interestingly, cotton plants have a varying volatile blend during the day, with some compounds following a circadian rhythm and possibly herbivore activity and others being continuously released during the day independently of the timing of herbivore feeding (Loughrin et al., 1994) . Remarkably, the temporally varying volatile blends of plants also affects the hiding behaviour of nocturnal larvae (Shiojiri et al., 2006) . Exposure of caterpillars in the light to the nocturnal volatile blend of corn plants resulted in larvae behaviour as under dark conditions. Similarly, benzenoids, monoterpenes, and sesquiterpenes are emitted in the night to attract nocturnal pollinators (Roeder et al., 2007) , while isoprenes accumulate during the day to prevent thermal and/ or oxidative stress (Loivamaki et al., 2007) . Additionally, methyl benzoate accumulation in petal tissue of snapdragon is regulated by the circadian clock to ensure high emission in the presence of bumblebees at day time, while in tobacco and petunia, which are pollinated by nocturnal insects, accumulation peaks during the night (Kolosova et al., 2001) . This nicely shows the interaction between the environment and the temporal and the spatial accumulation of metabolites in different plant species.
Genetic regulation of metabolism
An often-overlooked aspect of plant metabolism is genetic diversity in biosynthesis and the regulation thereof. As mentioned, the diversity in plant metabolites is immense. This is true for individual plants, but even more so for the whole plant kingdom. Each of the estimated 400,000 plant species is predicted to have at least one or two unique metabolites in addition to the more common compounds, rendering the metabolic diversity in the plant kingdom inherently huge . Because the biosynthesis and accumulation of metabolites has a genetic origin, it is not surprising that quantitative and qualitative variation in these metabolites can be observed between, but also within, species (Keurentjes, 2009 ). This natural genetic diversity represents the phenotypic output of historical adaptations in plant molecular physiology and behaviour towards environmental constraints (Rockman, 2008) . Since plant metabolism is heavily entwined with plant performance, unravelling the genetic basis of metabolism will provide a better understanding of the biochemical nature and regulation of the metabolome, and eventually of plant development, adaptation, and growth.
Although some successes to elucidate and modify biochemical pathways for metabolic engineering of beneficial properties have been reported, many attempts were hampered by a lack of knowledge on the control of biochemical pathways (Trethewey, 2004) . Following these efforts, experimental genetic mapping populations are used for a targeted analysis of particular metabolic traits, such as glucosinolates and soluble oligosaccharides in Arabidopsis seeds and flavonoid biosynthesis in poplar (Bentsink et al., 2000; Kliebenstein et al., 2001; Morreel et al., 2006) . The use of natural variation within species in such targeted analyses enables the identification of candidate genes for ratelimiting enzymatic steps in biochemical pathways or the genetic regulation thereof. Nonetheless, the majority of the metabolome is still unexplored and many metabolites still need to be identified, let alone their function in plant performance studied. Because many of the relationships between metabolites and plant development have yet to be established, thus leading to an uncertainty of which compounds to target, untargeted approaches have become in vogue (Keurentjes et al., 2006; Schauer et al., 2006) . The objective of the untargeted approach is to find genetic factors with regulatory functions in biochemical pathways without a priori knowledge of the metabolic composition of the sampled population. These genetic metabolomic studies can be combined with transcriptomics and proteomics to investigate the intermediate steps in the relationship between genotype and phenotype (Wentzell et al., 2007; Keurentjes et al., 2008; Fu et al., 2009) . As exemplified in the previous sections, a huge variation exists in the metabolic profiles for different developmental stages, tissues, or cell types, and the conditions and natural variation in genotypic interactions with each of these factors have been observed (Kliebenstein et al., 2001; Eduardo et al., 2010; Schilmiller et al., 2010) .
As an extension of analysing natural variation in experimental populations, other approaches such as genome-wide association (GWA) mapping are currently being explored (Keurentjes et al., 2011) . GWA mapping is rapidly developing as a new tool in plant science to associate phenotypic characteristics with genetic markers to elucidate chromosomal regions explaining variation in complex traits (Atwell et al., 2010) . It makes use of the long evolutionary history and the wide variation of species and its accumulated recombination events within natural populations to an extent that enables mapping at the gene level (for a review see Bergelson and Roux, 2010) . To date, only a very limited number of studies have applied GWA mapping on metabolites. In Arabidopsis, a targeted analysis of 43 glucosinolates in 96 wild accessions revealed a number of significant associations (Chan et al., 2010a), including two major loci previously identified in experimental populations (Kliebenstein et al., 2001; Keurentjes et al., 2006) . Illustratively, not all previously identified causal genes were detected, demonstrating the complementary value of the two approaches as was also observed for other traits and species (Buckler et al., 2009; Brachi et al., 2010) . In an untargeted approach using the same GWA population in different environments, the most profound findings were the validation of the complex, quantitative nature of the metabolome and the strong environmental component in its genetic regulation (Chan et al., 2010b) . Although many metabolites correlated over the two environments, only one was significantly associated to the same genomic region in both environments, suggesting a very strong environmental impact on the genetic regulation of metabolism. This is in line with previous findings and favours studies from different environments, or from field conditions with multiple signals perceived by the plant simultaneously, to provide a more robust understanding of genetic metabolomics . Strikingly, the phenotypic diversity in metabolites was smaller in the set of 96 natural accessions than in an experimental population derived from a cross between two accessions, indicating that, due to the lack of selective forces, the control on metabolism is loosened in artificial populations (Chan et al., 2010b) .
Finally, we note the natural epigenetic variation in species, such as differential DNA methylation, chromatin structure, and histone modification (Vaughn et al., 2007; Zhang et al., 2008) . As both epigenetic regulation and the metabolome are prone to strong environmental regulation, epigenetic regulation could prove to be a very important determinant of metabolic status (Sung and Amasino, 2004; Chan et al., 2010b) . Epigenetic regulation can be effectively studied in experimental mapping populations exploiting epigenetic differences in population individuals (Johannes et al., 2009; Reinders et al., 2009) , but thus far no such studies have been reported for metabolic analyses.
The multi-dimensional regulation of metabolism in relation to plant development and performance
As the metabolome specifies the state of the plant in terms of development and performance, its predictive power can be used in breeding strategies. In a number of studies, the metabolome has been used to determine the relationship between growth rate, biomass, and metabolism in different natural variants (Cross et al., 2006; Schauer et al., 2006; Meyer et al., 2007; Lisec et al., 2008; Sulpice et al., 2010) . Although individual metabolites occasionally show a weak correlation between accumulation and plant biomass (Sulpice et al., 2009) , the predictive power of a group of metabolites is much higher (Meyer et al., 2007) . Most of these metabolites are associated with central carbon metabolism and stress responses, both of great importance to the regulation of plant growth (see Box 1). The majority of the metabolites in central carbon metabolism have a negative correlation with growth, implying that these metabolite pools are consumed during periods of fast growth. This is supported by the observation of positive correlations between enzyme activities in primary metabolism and rosette biomass, indicating that higher flux rates increase the formation of structural end products to enhance growth (Cross et al., 2006) . Interestingly, high correlations between enzyme activities and biomass do not always match with metabolite accumulation (Sulpice et al., 2010) , illustrating the complexity of the regulation of plant metabolism. Additional evidence for the link between growth and metabolism comes from genetic analyses, with which a strong coregulation of biomass formation and metabolite accumulation can be observed (Lisec et al., 2008) .
As illustrated in the previous sections, plant metabolism is extremely complex and highly dynamic and can only be fully understood by taking into account all of the components that contribute to its complexity. The metabolome is highly variable on a spatiotemporal scale, is strongly influenced by the environment and to a great extent is determined by genetic constraints (Macel et al., 2010) . The different impact of all these factors on the plant's metabolism is best exemplified by studies on glucosinolates Burow et al., 2010) . Glucosinolate accumulation depends on developmental stage, tissue type, planting density, and genotype . Moreover, significant interactions between these different factors abound. This suggests that the multi-dimensional regulation of glucosinolate accumulation modifies defence strategies to maximize the efficiency towards changing risks of herbivory (in time and space) and to increase the overall fitness of the plant Burow et al., 2010) .
Since the investments in defence (mainly secondary metabolites) suggest a negative effect on plant growth and fitness, while the investments in central carbon metabolism (primary metabolites) have a strong positive effect, there is an argument for comparative studies of primary and secondary metabolism and their relation to plant growth rate and fitness in different environments. In this respect, differences might be expected between species with different growth strategies (see Box 1).
